A resonator using w-axicon and axicon mirrors for a double coaxial electrode discharge CO 2 laser is analyzed using the vector field, iterative reflection method. A uniform ring-shaped output mode is expected even with struts in the electrode in the multi kW scheme.
Introduction
In most CO 2 lasers, a column-type gain medium has been used with stable or unstable resonators. However, the double coaxial geometry has some advantages over the normal column geometry. The large gas circulation system could be dispensed because the gas can be diffusionally cooled, the cylindrical electrodes have good space utility, and the length of the system can be shortened. The w-axicon resonator has been proposed for the annual coaxial geometry because of it's good azimuthal mode properties. [1] [2] [3] Endo et al. have numerically analyzed a resonator with the w-axicon, a toric mirror and a plane output coupler using scalar field analysis. 4) In this method, azimuthal or radial polarization modes are described by the summation of two circular polarizations, however, the solutions are limited to some degree.
In the present study, the authors attempted to use the vector field for the analysis in order to precisely obtain the effect of the inclined surface of mirrors. We were able to obtain one of the best solutions for the 2 kW class CO 2 laser with a w-axicon type resonator.
Analysis

2.1
The model of the analysis A schematic of the resonator used in the calculations is shown in Fig. 1 (a) . A W-axicon mirror, which has a "letter W"-type cross-section, was placed at the bottom of the resonator. A mirror placed at the center of the top is a circular output coupler, and the outer mirror is an axicon mirror. A beam starting perpendicularly from the output coupler was reflected twice by the w-axicon mirror and directed to the axicon mirror along an annular gap between the co-axial electrodes.
The geometries of the resonator are shown in Fig. 1 (b-e) . The distance between the axicon and the w-axicon mirrors was 1.5 m, the total length of the electrodes was 1 m, and the outer and inner diameters of the annular gap between electrodes were 300 mm and 285 mm, respectively. Four struts each with a width of 15 mm supported two cylindrical electrodes.
Figure 1 (d) shows the cross-section of the w-axicon mirror. The cross-section was constructed using straight lines. The length between the top of the center corn and the outer edge of the w-axicon mirror was 150 mm.
The definitions of the axicon mirror parameters are shown in Fig. 1 (e) . In this analysis, radial position of the focal point and focal length of the axicon mirror, and focal length and reflectance of the output coupler were optimized as parameters. The other conditions used in this analysis are shown in Table  1 . A definition of the initial electric field was partially coherent as proposed by Bhowmick 5) and used in previous papers on the analysis of the w-axicon resonator. 4) Gain sheet and optical aperture were applied at the surfaces in which struts were placed. The round trip propagation was iterated until the electric field converges.
Wave propagations
In this analysis, the distribution of the electric field was Fourier transformed. Then, the propagation of the wave is described by the transfer function as follows.
Propagation between plane surfaces (Fresnel-Kirchhoff integration):
Here k is wave number, k x and k y are x and y directed components of wave number respectively and L is distance of propagation.
Propagation between two cylindrical surfaces (At w-axicon):
Here the sigh ± represents -for outward propagation and + for inward propagation, k is wave number, k z is z directed component of wave number, r 1 and r 2 are radius of cylindrical surfaces and m is azimuthal mode order of electric field.
Propagation from a cylindrical surface to the contrary part of the same surface (At axicon):
Here k z , m, K m and k H are same as above and r 1 is radius of cylindrical surface.
Analysis of polarizations
In this analysis, x and y polarized components were calculated independently, and at the gain sheets, summation of both components were compared with the saturation intensity to define actual gain. For propagation between cylindrical surfaces, the descriptions of the electric field and polarization were converted into cylindrical coordinates.
Results
Optimized resonator and oscillation mode
Optimized parameters of the axicon mirror and output coupler are shown in Table 2 . Properties of oscillation mode and output beam of the optimized resonator are shown in Table  3 . In optimized condition, internal round trip loss was 9.9 %, output beam had power of 2.5 kW and 97.2 % of total power had azimuthal polarization. Figures 2 and 3 show output beam mode and internal oscillation mode at the axicon mirror respectively. These results show that, even if the beam mode is spitted by the struts, shades of the struts diffract and disappear during the beam is propagating to the output coupler from the w-axicon mirror.
Analysis of misalignment of the resonator
To obtain the effect of misalignment of the resonator, the authors attempted more calculations. The axicon, W-axicon and output coupler were inclined, axis of inclination was chosen as parallel and perpendicular to the struts, and angle of inclination was up to 600 μrad. The other conditions were same as shown in Table 1 When the axicon mirror was inclined by 600 μrad parallel to the struts, the output power decreased by 2.2 %. However 
when it was perpendicular to the struts, the output power increased by 1.7 %. The power distribution above the axis of inclination was slightly enhanced. Output power and beam mode were more sensitive to inclination of the w-axicon mirror. The output power increased by 4.4 % with 600 μrad parallel inclination of w-axicon, and decreased by 8.4 % with 600 μrad perpendicular inclination. The power distribution above the axis of inclination was weakened.
When the output coupler was inclined, output beam varied most sensitively. The output power decreased by 27.2 % and 12.7 % with 200 μrad parallel and perpendicular inclination respectively. Output mode was spited into two parts with inclination of 200 μrad.
Figures 10 and 11 show output beam modes and output power of the resonator without struts. When there were no misalignments, output mode was uniform ring shaped and output power was 3.14 kW. Transformations of beam mode witch were caused by misalignment were similar to the cases for struts existed. However, output power was decreased in any case. These results show that, in the resonator with struts, shape of the output beam was mainly decided by misalignment, when high power parts were cut by struts, output power was decreased, in the other hand, when high power parts avoided the struts, output power was relatively increased. 
Conclusion
An annular CO 2 laser with a resonator made of W-axicon and axicon mirrors was numerically analyzed using the vector field. The best focal lengths of the mirrors and the transmission rate were clarified for 1 m length and 30 cm diameter double coaxial electrodes. The output power was 2.5 kW. Output beam was 97.2 % azimuthally polarized and ring shaped. Beam quality was M 2 = 2.39. Finally, the effects of misalignment of the resonator were estimated.
The authors believe that the best high power CO 2 laser for materials processing can be designed using this scheme. 
